We study the light matter interaction in WS2 nanotube-graphene hybrid devices. Using scanning photocurrent microscopy we find that by engineering graphene electrodes for WS2 nanotubes we can improve the collection of photogenerated carriers. We observe inhomogeneous spatial photocurrent response with an external quantum efficiency of ∼1% at 0 V bias. We show that defects play an important role and can be utilized to enhance and tune photocarrier generation.
Heterostructure devices of transition metal dichalcogenides (TMDCs) and graphene have generated considerable research interest recently because of their superior optical and electronic properties. [1, 2] The semiconducting nature of TMDCs combined with the presence of van Hove singularities in their electronic density of states allows for efficient photon absorption and carrier generation under optical excitation. [3] Combining this feature with the high mobility of graphene has led to optoelectronic studies of heterostructure devices comprising graphene and single layer TMDCs. [1, [3] [4] [5] [6] [7] These devices have exhibited good quantum efficiency for photocurrent generation in the visible range. However, the fabrication of such heterostructures requires multiple exfoliation and transfer steps. TMDC nanotubes [8] represent another alternative for such applications; nanowires offer an additional advantage because they can enhance the absorption of light through the formation of optical cavities [9, 10] and quasi 1D structures are known to enhance light matter interaction by virtue of an enhanced joint density of states (JDOS). [11] Silicon and carbon nanotubes have been shown to be promising materials for solar-cell applications. [12, 13] Similarly, TMDC nanotubes could also allow for large scale integration of on-chip optoelectronic elements. In addition, the curvature of the nanotubes can be used to engineer spin and valley based optoelectronic control in dichalcogenide systems. [14] Here, we investigate the photoresponse of WS 2 nanotubes with field-effect transistor geometry and the enhanced photoresponse properties of hybrid devices of WS 2 nanotubes with graphene electrodes. One of the motivations for using graphene electrodes for the nanotube is to modulate the density of carriers in the electrodes and modify the Schottky barrier; [15] the other motivation is to observe the spatial homogeneity of the photoresponse. We investigate the efficiency of these devices for photoconversion and attempt to understand the role of defects in modifying optoelectronic properties. [16] Prior to studying the hybrid devices, we probe individual WS 2 nanotubes and show that they offer a good optoelectronic platform. [17, 18] We used WS 2 multiwalled * deshmukh@tifr.res.in † contributed equally nanotubes [8, 19] obtained from NanoMaterials. [20] Transmission electron microscope (TEM) images of the nanotubes (see Fig. S1 in supplementary material [21] ) reveal that these are multi-walled hollow tubes of 50−200 nm in diameter and have capped, or uncapped ends, where approximately half the diameter is hollow. [8] The nanotubes were drop coated on a 300 nm SiO 2 /Si chip for device fabrication. Standard electron-beam lithography techniques were used for device fabrication. Two probe devices were fabricated by sputtering Au to form metal contacts on the nanotubes as illustrated in Fig. 1(a) . An in-situ Ar plasma cleaning system was used to remove resist residues under the electrodes before sputtering the metal without breaking the vacuum. Fig. 1(b) shows the I-V characteristics of a WS 2 nanotube device measured under ambient conditions. We find that the nanotube forms a Schottky-barrier contact, yielding non-linear current voltage characteristics because of band offsets of WS 2 and gold. [22] Although it has been reported [19] that similar devices exhibit n-type behavior, these nanotubes did not exhibit characteristic n or p-type behavior for a back gate voltage (V g ) of up to ±50 V; this may be attributable to a different extent of doping compared with previous studies. [19] In the presence of laser illumination, the device current increased because of photogenerated carriers in the nanotube. nA in a device with an applied bias of 1 V.
To further understand the local nature of the photocurrent generation in our devices, we used scanning photocurrent microscopy [23] [24] [25] [26] (see Fig. S3 (a) in supplementary material [21] for a schematic of the measurement setup). We applied a low frequency (∼ 3 kHz) modulation to the laser using an acousto-optic modulator (AOM) and a lock-in technique to detect the photocurrent of the devices. From the response of the nanotube photocurrent to the frequency of modulation of the incident laser (see Fig. S4 in supplementary material [21]) we deduced a response time of ∼ 0.1 ms for the WS 2 nanotubes. This result is an improvement compared with the response times of other few/single layer devices of MoS 2 and WS 2 reported in the literature [27] [28] [29] and is comparable to the projected value for WS 2 nanotubes. [18] The reflected light, incident on the photodetector, was also measured using a lock-in amplifier, which provided information regarding the absorption of light by the material. [30, 31] The map of the reflected light (see Fig.  4 ) indicates an absorption of ∼ 55% by the TMDC nanotube; similar values were obtained for WS 2 thin films [32] with an optical absorption coefficient α = 10 5 cm −1 (see the supplementary material [21]). Fig. 2 presents the photocurrent map of a WS 2 nanotube device. The electrode positions are outlined using an overlaid map of the reflected signal. We observe that the photocurrent is generated only near the nanotube-metal contact region where the Schottky barrier is present. [7, 24, 33, 34] The photocurrent decays into the nanotube away from the Schottky-barrier regions because of carrier diffusion in the nanotube. An exponential decay function was fitted to the photocurrent profile to extract information about the minority carrier diffusion length, L D , in the nanotube. [33, 35] The diffusion length was found to be 316 nm from the fit (see Fig. S4 (a) in the supplementary material [21] ). The diffusion length is related to the minority charge carrier lifetime, τ , and e µτ , where k B is the Boltzmann constant, T is the temperature and e is the electronic charge. Using previously reported value of hole mobility [36] in WS 2 , we find the carrier lifetime to be τ = 0.6 ns at room temperature. This result is comparable to the carrier lifetimes reported in the literature for other TMDC systems. [29, 37, 38] The photoresponse as a function of the bias exhibits a shift in the photocurrent toward one of the electrodes with a change in the sign of the bias voltage. The applied bias voltage changes the Schottky-barrier heights of the electrodes asymmetrically, evoking a photoresponse from either end of the nanotube. [39, 40] Photocurrent maps were also generated as a function of the back gate voltage. However, similar to the electrical response, the photoresponse was also observed to be relatively insensitive to the gate voltage.
Combining the strong light matter interaction of the nanotubes with the superior electrical properties of graphene offers significant advantages in extraction of the generated photocarriers. Now we discuss the second device geometry involving WS 2 nanotubes with graphene electrodes to study the effect on field effect and photocarrier collection. The fabrication of these devices involves electron beam lithography to fabricate a two probe device out of exfoliated graphene, followed by selective oxygen plasma etching to remove the middle portion of the graphene device leaving behind a slit. A dry transfer process is used to place a WS 2 nanotube across the slit in the graphene (see Fig. S5 in supplementary material  [21] ). Experiments were conducted using different slit widths. An optical image of such a device is presented in Fig. 3(a) . The I-V characteristic of the device presented in Fig. 3(b) demonstrate that the electrical behavior is similar to that of a two probe WS 2 nanotube device [41] with metal contacts. We also fabricated similar hybrid devices using exfoliated MoS 2 and WS 2 nanotubes to explore photocarrier diffusion [22] at the TMDC junction. However, unlike the devices with WS 2 nanotubes placed on graphene, the WS 2 nanotube with MoS 2 electrodes exhibited poor electrical contact. Although the field effect on the I-V characteristics remains weak, the quantum efficiency of the photoresponse of the graphene-WS 2 hybrid devices is ∼ 1% at zero bias voltage (see the supplementary material [21] for details on quantum efficiency calculation). Fig. 4 shows the photoresponse of the graphene contacted WS 2 nanotube device as a function of the gate voltage at 0 V bias voltage. We observe an inhomogeneous photoresponse along the length of the nanotube at zero bias voltage. At 0 V V g we see that photocurrent is generated near the interface between the graphene slit and the nanotube [2] as well as at the nanotube ends. This finding hints at the presence of band bending near the nanotube ends possibly due to the capped end (see Fig. S1 in supplementary material [21] for the TEM images).
As defects in the nanotube also modify the local electronic structure of the nanotube, we expect photocurrent generation where there is additional band bending. This phenomenon is observed in Fig. 4 as the appearance of an additional photocurrent spot with increasing gate voltage. [42] These spots exhibit higher photoresponse than do other regions along the length of the nanotube. Several experiments have probed the consequences of such defects on the spatial variation of photoresponse of nanostructures. [16, 33, 39, 40, 42, 43] In these experiments, the effect of the defect is to create a local hill, or a valley, in the potential landscape. The photocarriers are generated in the same material that carries the charge carriers to the electrodes. This has the consequence that on either side of the local potential maxima and minima, the sign of the photocurrent changes as the local electric field changes.
In our experiments, the photocarriers generated in the WS 2 nanotubes were extracted by the graphene electrodes. The interfacial electric field between a defect in the WS 2 nanotube and the graphene results in the transfer of charge carriers. Because of the variation of the interfacial electric field across the span of the defect, the photocurrent also exhibits a local peak. There was no change in the sign of the photocurrent in our experiments because the sign of the interfacial electric field between the WS 2 and the graphene did not change; however, its magnitude did change, reflecting a change in the photocurrent. Similar spots of large photoresponse were also seen in the work of Britnell et al. [1] Although the microscopic nature of the inhomogeneous photocurrent was not discussed in this reference, we believe that the origin was similar in an analogous device structure.
One possible mechanism that could modify the photoresponse is the modification of the workfunction of graphene, [44] as this would result in a change in the interfacial electric field. However, not all spots in the spatial photoresponse map are modified as a function of gate voltage. The absence of a uniform modulation of the photoresponse suggests a more localized source away from the graphene.
A recent study [45] reported enhanced photoluminescence in cracked regions of MoS 2 monolayers caused by the adsorption of oxygen in the sulfur vacancy regions accompanied by blue-shift of the A 1g mode in the Raman spectrum. Similarly, we observed a blue-shift of ∼ 2 cm −1 in the A 1g peak of the nanotube at the defect site of the device (Fig. 5) . The formation of these defect regions could be attributable to the ultrasonication of the nanotube solution or to the transfer process and also supports the role of the defects in the enhanced photoresponse observed in our graphene-WS 2 devices. However, the resolution of our technique remains limited by the spot size of the incident laser and does not provide any direct insight regarding the microscopic nature of the defects. The presence of localized defects in carbon nanotubes [42, 43, 46] has been studied extensively in the past, and similar defects are likely to exist in inorganic TMDC nanotubes. Our measurement provides a method of imaging defects in similar TMDC semiconductor systems.
In summary we fabricated hybrid devices using WS 2 nanotubes and graphene that show good light matter interaction. We observed spatially inhomogeneous photoresponse in the nanotube and demonstrated a method of detecting defects in WS 2 nanotubes using graphene contacts and scanning photocurrent microscopy. In addition to detecting defects we also observed a good external quantum efficiency (∼ 1%) and enhanced photocarrier collection at zero bias voltage in these hybrid devices. The fabrication is simple and does not involve any post-processing because of the robustness of both graphene and WS 2 nanotubes. The technique also allows for integration, as WS 2 nanotubes can be synthesized in large quantities. The strong light matter interaction in dichalcogenide systems and ability of nanowire based structures to concentrate light offer opportunities for fabricating improved photoactive devices using dichalcogenide nanotubes.
We acknowledge fruitful discussion with Aniruddha Konar, IBM. This work was supported by the Swarnajayanti Fellowship from the Department of Science and Technology and, the Department of Atomic Energy of the Government of India.
